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THE ANOMALOUS DJSPERSION OF CYANIN. 



PARTI. 



HISTOBIGAL STJSYET. 



(a) Ex'gervmenial.^^t has long been a well known fact that 
prisms having the same angle of ref raction^ but made of differ- 
ent kinds of glass^ yield spectra which are whoUj unlike one 
iinother in charact€»r. Not only is the refraction or the devia- 
tion of the light produced by one prism different from that 
which results when a prism of different material is employedi, 
but the amount of dispersion^ or the angular extent of the speo- 
trum, depends likewise upon the material of which the refracting 
49ubstance is composed. Moreover, to a very great extent, re- 
dfraction and dispersion are independent of each other, so that 
media are frequently found having a high refractive index but 
A small dispersive power, and conversely, other media exist 
hating small refractive power but possessing high dispersion. 
The angular distance between any two given wave lengths in 
i;he prismatic spectrum depends, therefore, not only upon the 
Tef racting angle of the prism but upon the nature of the ma- 
terial of which the prism is made, so that in general, prismatic 
•spectra are unlike one another both in angular extent and in 
angular distance between corresponding wave lengths. This 
variability in the character of prismatic spectra is known as the 
irrationality of dispersion. 

Until the year 1840 no exception had been found to the gen- 
eral law that short waves are deviated more than longer ones, 
that is to say, that the order of arrangement of colors in the 
«pectrum is always the same although the distances between any 
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two given wave lengths may vary considerably. At about this 
time Fox Talbot, while working with the double oxalate of chro- 
mium and potash, made the remarkable discovery that prismatic 
crystals of this substance have the power of deviating the red 
more than the blue. Nothing was published on the subject, 
however, until nearly twenty years later, when Le Roux^ an- 
nounced the fact that by a hollow glass prism filled with iodine 
vapors the red' rays are bent more than the blue. Talbot* at 
once recalled his early experiments and published an account 
of what he had done. Speaking of the arrangement of the col- 
ors in the spectrum produced by the double oxalate of chromium 
and potash, he says: "The colors were very anomalous, and 
after making many experiments I came to the conclusion that 
they could only be explained by the supposition that the spec- 
trum, after proceeding for a certain distance, stopped short and 
returned upon itself." 

M. Hurion* made quantitative measurements upon iodine va- 
pors and found the refractive index for the violet and red rays 
at 700** to be /ii,==1.019; ^=1.0205. 

The first real impulse for extensive work upon this phenom- 
enon was given by Christiansen* in 1870, when he discovered 
anomalous dispersion in an alcoholic solution of fuchsin. 
Christiansen noticed that in the transmitted beam the green 
light was absent, that the red, orange, and yellow rays were re- 
fracted in their usual order, but that the violet was deviated less 
than the red, so that a dark band lay between it and the red. 




lB9.DRANl»S.YeLL0>AC 

FlG.l. 

The relative arrangement of the colors in this spectrum is 
shown in figure 1, in which the approximate intensities of the 

1 Le Boos, Comi>. Bend., LV., p. 126 (1862). Pogg. Ann. CXVII.. p. 669 ; Ann. de Chim^ 
•t de Phya. (8) LXI., p. 285 0861). 

* Talbot, Proe. Boy. Soc Edin. 187Q-1871. 

» M. Horion, Joup. de Phys. (1), VU., p. 181. 

* Chriatiansen. Pogg. Ann. CXLI., p. 479; CXLIIL, p. 2S0; CXLVI., p. 154. 
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light are represented by the height of the respective ordinates. 
The great dispersive power of fuchsin became at once apparent 
on comparing lengths of the spectra produced by the dye and 
by pure alcohol, that due to the latter being represented by the 
dotted lines in the figura For an 18 per cent, solution of 
fuchsin in alcohol, Christiansen obtained the following indices 
of refraction: 

Table I. 



Fraunhofer Lines. 


a 


C. 


D. 


B. 


F. 


G. 


H. 


18 per cent Fuchsin solution .... 
Pure alcohol 


1.450 
1.8828 


1.502 


1.561 
1.8664 


1.8675 


1.812 
1.8696 


1.268 
1.8788 


1.812 
1.8761 







He worked with solutions of different concentrations and 
showed that the refractive index increases with the density of 
the solution, but that this increase is different for the various 
wave lengths. 

When Christiansen published his first results the subject was 
taken up very energetically by Kundt,^ who repeated the work 
on fuchsin and examined many of the aniline dyes and other 
colored solutions, such as indigo, carmine, and potassium per- 
manganate. Many of these substances show "surface color," 
that is, they have the power of reflecting certain colors more 
than others. Kundt made extensive experiments to show the 
interdependence of the two phenomena and came to the conclu- 
sion that all substances which show "surface color" also give 
anomalous spectra. Continuing his experiments he f ouild that 
a very close relation exists between dispersion and absorption, 
and that anomalous dispersion depends upon the selective ab- 
sorption of the medium and not upon the "surface color." This 
discovery of the relation between absorption and dispersion has 
been of the greatest importance and has enabled later investi- 
gators to contribute much to our knowledge of dispersion. 
Kundt embodied his conclusions in the following statement, 
which is known as Kundt^s Law,^ to which no exception has as 

1 Kundt, Pogff. Ann. CXLIL, p. 163; CXLIII.,pp.l49,258; CXLIV., p. 128: CXLV., 
pp. 67, 164. 
• Kundt. Poffg. Ann. CXLIII., p. 968. 
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yet been found: ^^Ooming from the red end of the spectrum 
and approaching an absorption band the refractive index is ab- 
normally increased, and coming from the violet end towards the 
absorption band the refractive index is abnormally decreased." 
To make the peculiar variations in the refractive index di* 
rectly visible to the eye, Kundt employed the method of crossed 
prisms^ as first used by Newton^ in ordinary dispersion. A 
beam of white light is first dispersed by a glass prism placed 
with its refracting edge vertical. This spectrum is then passed 
through a hollow prism filled with an alcoholic solution of 
cyanin and placed with its refracting edge horizontal. Thus 
the prisms have their refracting edges at right angles to each 
other so that the first one deviates the light in a horizontal plane 
while the second bends the rays in a vertical direction. Sup- 
pose the deviation is simply inversely proportional to the wave 
length, that is, a normal spectrum, such as is produced by a 
(gratings in each case, the resulting crossed prism spectrum wiH 
become a diagonal band having the violet end elevated. This 
is seen in (a). Fig. 2. The lower band shows the appear- 
ance of the spectrum produced by the first prism only, while 








(/). 



32Sia 



lll.it \Ulh& 



Fio. 2. 



the diagonal band represents the final result after passing 
through both prisms. If now the dispersion of the second 
prism was irrational, as is the case with ordinary glass, the final 
result would be a curved band as is seen in the upper part of 
(b), Fig. 2. If th« common glass prism is removed and a 
hollow prism filled with a cyanin solution, as used by Kundt, 

1 Kundt, Pogff. Ann. CXLIV., p. 138. 
' • Newton's Opticks, Book I, Prop. II. 
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is placed in the second position, the crossed prism spectrum mW 
be broken into two bands as is seen in (c), Fig. 2. The red is 
deviated very much and the band turns up sharply as the orange 
is approached; the yellow is absorbed, and hence, absent, leav- 
ing the spectrum in two parts ; the green is bent least, while the 
deviation rapidly increases as the violet is approached. This 
method is very striking to the eye and gives an easy means of 
determining roughly the nature of a spectrum. 

'With the dye in solution and placed in a common hollow 
prism, the deviation produced by the solvent is superimposed' 
upon that made by the dye itself. To separate the two, Soret^ 
made a glass trough with parallel sides, having a diagonal glass 
partition. On one side he poured the solution and on the other 
the pure solvent. Consequently, any deviation in the light was 
due to the dissolved substance only and nqt to the solvent. Still, 
it must be noted that a substance when dissolved may not. have 
the same optional properties as when in the solid state. For 
the same purpose DeKlercker* used two hollow prisms of the. 
same angle and placed in opposite directions, the one being filled 
with the solution and the other with the solvent. 

Quantitative measurements, by the ordinary spectrometer 
method, for determining the refractive index for various wave 
lengths have been carried out by several physicists. Sieben* 
and Ketteler* in particular made a large number of observationa 
upon various substances, in several solvents, and at different 
temperatures and concentrations. Among the solvents uaed 
were alcohol, chloroform, and water. Their aim was to make 
experimental observations upon which they could base a theory 
that would explain this strange phenomenon. This experi- 
mental data was afterwards used by Ketteler in his theoretical 
deductions and some important results were reached. Still, it 
cannot be said that he succeeded in establishing the theory ad- 
vanced, inasmuch as it is evident that a substance in solution 



1 Seret, Fogg, Ann. CXLIII., p. »25, (1871). 
• DeKleroker, Comp. Eend. LXXXIX. (1879). 
» Sieben, Wied. Ann. VUI., p. 187 ; XXIIL, p. 812. 
« Ketteler, ibid. XXL, pp. 808, 48L 
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may have entirely different optical properties from those which 
it possesses in a solid state. 

To avoid this objection several indirect methods based upon 
the properties of the solid dye were devised. The results ob- 
tained do not warrant a detailed description, but a bare state- 
ment of-the methods used will be made. Sieben employs a 
method based on the total reflection of light from the surface of 
the solid dye. By measuring the absorption of the solid dye for 
various wave lengths, Wernicke^ was able to calculate the index 
of refraction, and for fuchsin his results are given in Table 11. 

Table II. 



A 


581 


671 


532 


483 


406 


488 


438 


/* 


2.326 


2.872 


1.875 


1.530 


1.288 


1.224 


1.296 



Wiedemann,^ Lundquist,* and Merkel* made observations to 
determine the elliptic polarization of the light reflected from the 
surface of the solid substance. The work of these and several 
other observers, although of great interest, is so dependent upon 
a number of doubtful assumptions that to show the real value of 
the results a detailed description must be made. The latter is 
outside the limit of a brief outline and must be omitted. Al- 
though the refractive index, and therefore, also, the velocity of 
the light in the substance can be calculated by these indirect 
methods, still, the direct observation of refraction by a solid 
prism is by far the simplest and surest procedure. As early as 
1875 Wernicke*^ determined the indices given in Table III., by 
means of a prism of solid fuchsin. 

Table III. 



Frannhofer lines. 


A. 


B. 


C. 


G. 


H. 


/* 


1.78J 


1.81 


1.90 


1.31 


1.54 



1 Wernicke, Pogg. Ann. CLV., p. 87. 

• Wiedemann, ibid. CLI., p. 1, (1874). 

' LnndQnist, ibid. CLIL, pp. 177, 398, 565, (1874). 

• Merkel, Not. Act. Boy. Soc. Upsala, Ser. III. 

• Wernicke, Pogff. Ann. OLV., p. 93, (1875). 



Digitized by 



Google 



MAGNUSSON — ANOMALOUS DISPEBSION OF CYANIN. 



255 



It appears that only one prism "was made and that was far 
from being satisfactory, for in speaking of the results Wernicke 
says that the A and B lines were "plain," the rest "uncertain." 
The D, E, and F lines could not be determined as the prism ab- 
sorbed all the light in this part of the spectrum. 

It was almost twenty years later that Pfliiger^ succeeded in 
making solid prisms of several of the aniline dyes. The method' 
of making the prisms is as follows : A piece of glass tubing is 
laid upon a piece of plate glass, and in the prismatic opening 
between the two an alcoholic solution of the dye is placed, drop 
by drop, and allowed to evaporate. The solid dye will thus fill 
up the prismatic space between the tube and the plate. When 
the deposit is of the desired thickness, the process is stopped, 
the glass tube removed by a sharp blow, and a small bi-prism is 
thus left on the glass plate. This is simple in theory but tedious . 
in practice. To secure three good prisms Pfliiger^ made over 
three hundred attempts, and still even the best had optically 
poor surfaces. Since the angles of the prisms used by Pfliiger 
were very small, the largest being 2' 9".6, the irregularities in 
the surface became serious sources of error, inasmuch as a small 
error in measuring the angle of the prism produces a large per- 
centage error in the results. With solid prisma of several of 
the aniline dyes, formed in this manner, Pfliiger determined 
the refractive indices, for the visible part of the spectrum, by 
the usual direct spectrometer method. 

Puchsin and cyanin received the most attention and the aver- 
age results obtained by four prisms of the latter are given in 
Table IV.5 

Tablb IV. 



A 


700 


671 


656 


646 


620 


588 


565 


540 


535 


520 


505 


486 


/« 


2.05 


2.13 


2.19 


2.23 


l.M 


1.71 


1.89 


1.25 


1.20 


1.19 


1.28 


1.40 


With cyanin he extended his experiments into the ultra vio- 
let. To do this he used an iron arc spectrum, dispersed by a 



1 Pfliiger, Wied. Ann. LVI.. p. 412. 0895) ; LXV., pp. 173, 214. 225, (1898). 
• Pflttger, ibid. LXV., p. 205, (1898). 
» Pflttger, ibid., p. 206. 
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Eowland^s concave grating. Between the grating and its focus- 
he placed the small cyanin biprism with its refracting edge par* 
allel to the lines of the grating. The double set of bright lines 
thus formed at the focus were photographed. The distance be- 
tween the corresponding lines in the two sets were measured and 
from these measurements the refractive indices were calculated* 
These results are given in the following table : 









Table V. 








Prism. 


a 


488 


407 


406 


378 


850 


288 


1 



83- 
126. -4 


1.59 


1.68 


1.70 


1.69 


1.70 


1.71 


Mea 


n/i 


1.59 


1.68 


1.70 


1.69 


1.70 


1.71 



The objective point of Pfliiger's work was to test the Ket- 
teler-Helmholtz dispersion formula, the derivation and form of 
which will be given in the theoretical part of this paper. The 
equations require experimental data for both the extinction and 
refraction indices. To find the former, Pfliiger employed a 
Konig's spectro-photometer, by which the absorption of the lights 
when passing through a thin film of cyanin, was measured. 
The ratio between the original intensity, I, and the strength af» 
ter passing through the film I', is found by equation (1), where 
a is given by the reading of the photometer. 



I' = Cot a 



(1)^ 



The extinction index, X, is then calculated by the usual form- 
ula^ (2) , where d is the thickness of the film, X the wave length 
of the light in free space, and e the base of the natural system of 
logarithms. 

I 4;rXd 



T 



==6"" 



In the series of papers published by Pfliiger are found several 
tables for the extinction index. The disagreement between the 
calculated and observed values led him to repeat this work with 
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special care and the results for solid cyanin films given in his 
last^ paper are shown in Table VI. 











Table VI. 












A 


635 


620 


589 


570 


565 


535 


520 


506 


486 


440 


400 


fi 


0.53 


0.67 


0.69 


0.75 


0.74 


0.46 


0.26 


0.15 


0.06 


0.00 


0.00 



Pfluger made an elaborate comparison of these data with the 
values calculated by the Ketteler-Helmholtz dispersion formula. 

To overcome the difficulties of making prisms by Pfliiger^s 
method and in hopes of securing better results R. W. Wood^ dis- 
solved the dye in Canada balsam and poured the solution while 
hot into the V shaped opening between two glass plates. Al- 
though the prisms thus made were superior to those obtained by 
Pfliiger, the dye was still in solution and the same objection 
could be made as for dyes in alcoholic solution. He next tried 
to fuse several of the aniline dyes and found that with cyanin 
this was a singular success. While in a fluid state the cyanin 
was pressed into an acute prism between two pieces of plate 
glass. After cooling, one of the plates was removed by a sharp 
blow, the prism remaining fixed on the other. The advantages 
of this method are several : 

lst« The rapidity and comparative ease of making good prisms. 

2nd. The increased accuracy of the measurement of the re- 
fracting angle which the superiority of the optical surface 
makes possible. 

3rd. The improved definition of the transmitted beam on ac-« 
count of the uniformity of the prism. 

4th. The ability to obtain prisms of almost any desired angle. 
Pfliiger considers an angle of 2' 6."4 remarkably large 
while by this method prisms have been made with a re- 
fracting angle of 2® and over and no special diflSeulty 
would be met if larger angles were desired. 

1 PflOger, Wied. Ann. LXV., p. 227. 

* Wood, PhU. Mag. XLVI., p. 880, {tmh 
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(b) Theoretical. — The great importance of the phenomenon, 
of anomalous dispersion in the theory of light is, perhaps, best 
seen when the various theories framed for the explanation of 
dispersion are examined. Kundf s discovery of the evident de- 
pendence of dispersion upon absorption rendered necessary a 
thorough revision of the older theories regarding this phenome- 
non. 

•The fundamental assumption of the wave theory of light is 
the existence of a medium, called the ether, which pervades all 
space and in which luminiferous vibrations are propagated as if 
in an elastic solid. Upon this basis the velocity of transmis- 
sion of a light wave is given by the expression, 

V = Oi/f (3). 

where E is the elasticity of the medium; D, its density; V, 
wave velocity ; and C, a constant. 

To account for the difference in the velocity of the transmis- 
sion of light in transparent media and in free space by this equa- 
tion, three suppositions may be made. 

Ci 

(a). E may be constant and D variable, .*. V = .^ (4). 

(b). £ may be variable and D constant, .*. V = C2 V^E^ (5). 
(c). Both E and D may vary, .\V = C t p- (6). 

The first assumption was made by TresneP while the theories 
of Neumann^ and McCuUagh* depend upon the second. Both 
assumptions lead to identical results, except, that the plane of 
vibration must be considered perpendicular to the plane of in- 
cidence in the first case and parallel to it in the second. The 
third case, if treated by methods similar to those employed by 
Fresnel, Neumann, or McCullagh, leads to results not agreeing 
with known facts. These theories would be sufficient to explain 

1 Fresnel, Ann. de Ohim. et de Phys. XLVI., p. 2<25. Oenyres complete, I., p. 767. 

* Neumann, " Vorlesnngen fiber Theoretisohe Optik," edited by Dr. E. Dom, Leipzig* 
188S. 

* McCollaffh, Trans. Boy. Soo. Irish Acad. VoL XXL 
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refraction if all colors were deviated the same amount, but for 
dispersion, or the diflFerence in the velocity of transmission of 
light of various wave lengths they offer no solution. 

To explain the fact that in material media light waves, dif- 
fering in wave length, are propagated with different velocities, 
while in free space all light waves are transmitted with the 
eame velocity, Cauchy^ made the following assumptions : 

1st. That the ether is of a granular structure. 

2nd. That there is a certain attractive force between ether and 

matter so that inside a material body the ether is very much 

denser than in free space. 
3rd. That the distance between the ether particles inside the 

body is comparable to the wave length of light, while in free 

space it is of a different order. 
4th. That the period of vibration of a wave is constant, and 

hence, that the wave length varies with the velocity of 

transmission. 

From these assumptions Cauchy developed the following ex- 
pression for the velocity of transmission of light in terms of the 
wave length in the medium : 

V = A, + A, (^) + A. (^)* + Act. (7). 

where A^, Aj, As, etc., are constants depending upon the nature 
of the medium. While calculating the values of these con- 
stants he observed that this series is rapidly converging and that 
for all practical purposes it may be suflScient to use the first two 
terms, thus: 



V»=A,+A, 



From his 4th assumption there results : A : A' : : v : v' where A is 
the wave length in free space and v the velocity. Combining 
this with equation (8), making a series of transformations, and 

1 Canohy, Memoiie sar la dispersion de la Inmidre. Prag. 1898. Beer :— Einleitonff la 
der hOheren Optik, p. 209, Branasohweig, 1858. 
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dropping terms of higher order, he derived the following equa- 
tion for the index of refraction : 

jy = A, + -xr + Tr+&ct. (9). 

ChristoffeP showed that when Cauchy made his transforma- 
tions to derive (9) from (8) he assumed A2 to be small in com- 
parison with Ai and, hence, practically used only one constant* 
Ohristoffel devised a new method of solving equation (8) that 
did not require the second assumption, and showed that the in- 
dex of refraction can be represented by equation (10) : 



/* = 



Vi+lo + 1/ 1 - io ao). 



The problem of dispersion was also studied by Eedtenbecker^ 
and! upon the supposition that each molecule is surrounded by a 
dense ether shell he obtained the formula : 

The subject was next treated by Briot.* He considered the? 
assumptions made by Cauchy insufficient to explain dispersion, 
inasmuch as a change in density alone could not give a different 
order to the distances between the ether particles, and conse- 
quently, if the wave length were a function of the velocity in-* 
side a material body the same must be true in free space. To 
remedy this defect he assumed a direct action of the material 
particles upon the velocity of the transmission of light and ex* 
pressed this by adding a term K\^ to Cauchy's formula, thus: 

^, =K A- + A, +-^ + ^ + Act. (12). 

This formula he tested by the best experimental data obtainable 
and found that the termKA." was small and in most cases could^ 

*m' « 9 i ■ II' ' ■ ■■ ■ ■ ■ - ■ ' "* I . H i l l 

1 Chriatoffel, Pogg. Ann. CXVIL, p. 27, (1861). 

* Bedteabecker, Dynamiden-System. Mannheim, (1857). 

* Briot, " Essai but la th6orie math6matiqne de lalnmidre." Paris, 1863; Leipzigy 
1867;C.B.LVn.,p.866. 
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be aegiected. Ketteler^ in 1870 determined the value of the 
<3Wistants, in Briot's formula, for several substances and found 
that the calculated values for the index of refraction agreed 
djosely with those observed. 

It was at this time that Christiansen and Kundt brought the 
phenomenon of anomalous dispersion into prominence. These 
remarkable observations could not be explained by either 
Oauchy's or Briot's equations, but rendered necessary the oon- 
fitruction of a new theory. 

Sellmeier^ made the first attempt and laid the basis for fur- 
ther wort His assumptions are as follows : 

1st. The existence of an ether of constimt elasticity and density. 

2nd. The retardation of the light is entirely due to the inter- 
action bc^tween the ether and the material particles. 

3rd. The intensity of the interaction depends upon the ratio be- 
tween the natural period of vibl*ation of the material parti- 
cles and of the wave length, and that an absorption line re- 
sults when this ratio is unity. 

4th. That each material particle is entirely free to vibrate with- 
out affecting the other particles. 

Set^ral minor assumptions are made in the development of 
the first equation to simplify the calculations or even to make 
them possible. 

From these assumptions Sellmeier deduces the following 

formula for the refractive index: 

to t» &l 

M^^l^2iL^ (13). 

m a' 

Where t equals period of vibration of A.. 

Where d equals natural period of vibration of material particle. 
Where a© equals amplitude of center of gravity of material par- 
ticle. 
Where a equals amplitude of ether vibration. 
Where m' equals mass of ether in unit volume. 
Where m equals mass of matter in unit volume. 

• r ■ 

1 Ketteler, Pogff. Ann. CXL., p. 1. 

» Sellmeier, Pogff. Ann. CXLV., pp. 399, 520; CXL VII., pp. 887, 535, (1878). 
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It is noteworthy that Lord Kelvin* in a paper read before the 
Eoyal Society of Edinburgh, February 6th, 1899, on the ab- 
sorption line of sodium vapors, used Sellmeier's formula. 

Kelvin's^ theory is quite similar to that of Sellmeier, the 
chief peculiarity being the conception of concentric spherical 
shells, connected by zigzag springs, to represent a molecule hav- 
ing more than one natural period of vibration. 

Under the assumption of a diatomic molecule of this form he 
writes the equation thus : 

Where T equals period of vibration of ether light wave. 
Where K equals natural period of vibration of one shelL 
Where Kj equals natural period of vibration of the other shell. 
Where m equals density of 1st shell, using ether as unity. 
Where m^ equals density of 2nd shell, using ether as unity. 

iThis theory of mutual reaction between matter and ether was 
next developed by Helmholtz.* Let u, v, w, be the displace- 
ments of the ether particles of density m, in an elem^it of 
volume dv; IT, V, Wi, the displacements of the material parti- 
cles of density m'; then, considering the forces along X axis 
only, he forms two equations of motion, thus : 

d'u 
"^ "3?*" = '^ + X' + A + Act. (15a). 

d»U 

"^ Zt^ =* ^1 + ^'i + ^1 + *®** (16b)» 

Where X equals action of ether particles external to dv; 

Where X' equals external impressed force on m. 

Where A equals direct action of the material particle in dv on 

the ether ; 
Where Xi equals action of matter external to element dv. 
Where X'l equals external impressed force on m. 
Where Aj equals direct action of the ether in dv on the material 

particles. 

1 KelTin, PhiL Mag. XLVU., p. 802. 

• Kelyin, Baltimore Leotnres, 1884. 

• HelmholtB, Pogff. Ann. CLIV., p. 582. 
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To derive expressions for these forces, Helmholtz made the 
following assumptions : 

1st. The impressed forces are supposed to vanish; hence: 
Xi = Xj' = 0. 

2nd. The medium is supposed to be perfectly elastic; hence: 

d«u 
X = a'd^ (17a). 

dU 
Xi=-a«U-r'-^y (17b). 

3rd. The force of restitution in an elastic medium is propor- 
tional to the displacement; hence: 

A = /?• (U - u) (18). 

4th. The action is supposed to be confined to the element of 
volume dv; hence: 

A + Aj = O (19.) 

Substituting the values thus found for X, Xi, X', X',, A and 
Aj in (16a) and (15b) we have : 

d«u d«u 

"^"at5" = *"d^»" + ^"^^~") (20b). 

d»U dU 

°^'dF = -/^'(U-^u)«a«U^r»-^ (20b). 

These are the fundamental differential equations in Helm* 
holtz's dispersion theory; Solving, he finds : 



iinnt— "^ 



"I^: Lv ^/i*z J 



B_ 

_ I m 

mh*m ■*" T/. B \ ^* . n« . ^ W (21a). 



m m' A*n 



2 >"o Xo = jr =n JT (21b). 

[0-^):S:->]+''-^ 

Where /lo equals the refractive index at perpendicular inci- 
dence ; Xo, the extinction coefficient, for X at perpendicular in- 
cidence ; and \a, wave length of absorption band. 
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Lommel^ makes the same arguments as Helmholtz except for 
the force A, but considers the "action to follow Newton's law of 
friction/' and^ hence, his f imdamental equations become : 

d«u d»u d 

^dF*"*' d?-=P/Sr«gj(U-u) (22a). 

d»U d * dU 

"^' dt^== ± ^'dt f^-^) -a» U-r» dF (22b), 

Lommel gave the first set of signs but Ketteler^ and Voigt* 
argued that the lower set should be used, Lommel* replied, 
stiU defending his first position, but, in the opinion of Glaze- 
brook,*^ without success. 

Solving equations (22) and (23) 



mm 



^ V ^* 1 ^ 



/i\-X»o-l= .;^. . \» /B \» X^ (23a). 

Ketteler' makes a third suggestion. He supposes the action be- 
tween ethei* and matter to be proportional to the acceleration in- 
stead of the velocity as suggested by Lommel, therefore, ex- 
pressing the force A thus : 

^~5P<^-") (24). 

The resulting equations when solved can be reduced to those of 
Helmholtz by making B\* = B". Ketteler'' has written a large 

1 Lommel, Wied. Ann. IIL, p. 838. 

• Ketteler, ibid. XVIU., p. 3S7. 

* Voifft, ibid. XVU., p. 468. 

* Lommel, ibid. XIX., p. 908. 

• Glasebrook, B. A. A. S. Report, 1^85, p. 222. 
« Ketteler, theoretisohe Optik, p. 78. 

Y Ketteler, Wied. Ann. XVL,p. 86; XII., p. 863; XV., p. 613; XVIII., pp, 837, 631; XXt» 
pp. 190, 178; XLIX., pp. 882, 509; LIU., p. 823. 
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niimber of papers, in which dispersion is discussed from several 
points of view. To briefly state his views would be impossible, 
stillj the main idea in his works on dispersion seemfi to be this : 
the mutual reactions between ether and matter, that is, the A' 
and A forces, are unknown, and, hence, they should be elimi- 
nated' from equations. The total work done per unit of time 
on the whole system is equated to the rate of change of kinetic 
energy, and in this the mutual reactions do not appear.^ Thus, 
he obtains the following equation : 



d»u d'U 

m -g^ du + m' -g—- dU c= e V ' u du - K U d U. 



(25). 



Where u, U are displacements and e the rigidity of ether in free 
space.. The notation is changed so as to make it uniform 
throughout this paper. Those equations he combines with a 
''second equation relating to the special mode of action of the 
matter particles which can be no other than the renowned funda- 
mental equation of Bessel's theory of the pendulum,'' This^ he 
writes : 

d»u d'U 

These equations would apply for transparent media, and when 
absorption takes place- terms are added for the reaction of the 
matter on the ether. The fundamental equations then become* 



d»u d»U d'u dU 



d«u ^ , d»u „,„ dU 

dt5-^+ dtr«-K'U-g'-af (27b). 



1 Ketteler, Wied. Ann^ XXL, p. 201. 

• Ketteler, ibid. XXL, p. 201 ; X^ni., p. 41S. 

* Ketteler, *'Theoreti8cbe Opttk," pp. 8»-96. 
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Solving these, Ketteler finds :^ 



>Uo»-Xo«-l = "^ 



2mo Xo s= G 



m 



(tt:-^) +^ AV: (28a). 

/ V A'n, / A„ An, \A»m / 

Ti;:-!) +G«i[r: (28b). 



'A new phase was given to the subject in 1893 when Helm- 
holtz^ produced his theory of dispersion based upon the electro- 
magnetic theory of light. He postulates charged bodies im* 
bedded in an ether transmitting electric disturbances, and that 
the forces acting upon the ether during these disturbances can 
set the material particles in vibration. He follows the electro- 
lytic theory in assuming that electric charges of definite magni- 
tude are accumulated at the center of affinity of chemically com- 
bined ions, that these charges may be either positive or negative 
but always have the same absolute value for every center of 
affinity. "If the ether surroimding a pair of combined ions is 
traversed by electric forces and thereby dielectrically polarized, 
the oppositely charged ions will be subjected to stresses in the 
direction of the lines of force, that is, to two forces of equal mag- 
nitude but opposite in direction which together form a couple ; 
this couple will not set the center of mass of the molecule in 
motion, but it will tend to lengthen or shorten the electrical axis 
of the molecule and to deflect it towards or away from the direc- 
tion of the lines of force." The pairs of ions as used by Helm- 
holtz possess mass and inertia in addition to the usual properties 
of dielectrically polarized molecules of insulating substances. 
Hence, oscillations may throw them out of equilibrium and pro- 
duce variations in the electrical moments due to these ionic 
charges, f, g, h, forces, independently of the electrical moments 
per unit volume, /, g, h, forces, of the free ether. 

1 Ketteler, " Theoretisohe Optik/' p. 100. 

• Helmholtz. Wied. Ann. XLVIIL, pp. 889, 728; L. E. XXXVIL. p. 404. 
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In the energy equation Helmholtz takes account of electro- 
static^ magnetic, electro-magnetic, and mechanical forces and de- 
rives equations representing each. Finally, he applies the Prin- 
<jiple of Least Action considering variations to be present in 
f , g, h„ f, g, h, and 'e, q, h, and derives an expression for the re- 
fractive index. 

Heaviside^ criticizes several points, especially the term elec- 
tro-magnetic energy, and the application of the Principle of 
Least Action. 

Ketteler^ has shown that the dispersion formula developed by 
Helmholtz, from the electro-magnetic theory, and the one pub- 
lished by himself, based on the elastic solid theory, can be ex- 
pressed by the same equation. 

^0 - ^ - 1 =^ (A« - A»„)« + ga A« (29a). 

2//oXo = :SpT:3jr^r:jr^rxi (29b). 

"Where a*© equals refractive index for wave length X at perpen- 
dicular incidence. 

Where X© equals extinction index for wave length at perpen- 
dicular incidence. 

Where X^ equals wave length in free ether of rays absorbed. 

Where D equals a constant depending, in the elestic theory, upon 
the refractive index of infinitely long waves, and, in the 
electro-magnetic theory, upon the dielectric constant of the 
medium. These equations are usually termed the Ket- 
teler-ilehnholtz dispersion formula, and were tested by 
Pfliiger^ as described in the first part of this paper. 

1 Heayiside, L. B. Vol. XXXVII., p. 470. 

* Eetteler, Wied. Ann. XLIX., p. 882; LIII., p. 828. 

^ PflOger. Ibid., LXV., pp. 173, 225. 
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PAET 11. 



EXPERIMENTAI. WOEK, 



The superiority of the optical surface of cyanin prisms, made 
by pressing together the fused crystals between glass plates, and 
the larger angles available lead one to suppose that more ac- 
curate determinations of the dispersion can be made with such 
prisms than with those obtained by the evaporation of alcoholic 
solutions of the dye. Of special theoretical interest are the 
values of the refractive indices for wave lengths within the ab- 
sorption band. The results of the experiments give conclusive 
evidence of the continuity of the dispersion curve through the 
absorption band in the yellow and show the presence of a second 
absorption band in the ultra violet, beginning at wave length,. 
S68 /A /A, which has not been heretofore observed and which 
should be taken into account in proving the Ketteler-Helmholtz 
dispersion formula. 

The first part of the experimental work consisted of a syste- 
matic examination of all the available aniline dyes known to 
show anomalous dispersion with a view to determining: 

1st. How many of them could be formed into prisms by the 
fusion method. 

2nd. The precautions necessary for the formation of prisma 
of the best quality. 

From Fuchsin, Aniline Green, Hoffmann's Violet, Uranin, 
and Aurine^ prisms were made, but with difficulty. Their qual- 
ity was, however, too poor to warrant any further work. The 
Uranin absorbs moisture from the atmosphere and dissolves if 
not protected. Acid Magenta, Erithrosene, Aniline Bed, Bose 
Bengale, Genetian Violet, and Methyl Blue could not be made 
into prisms by this method. Cyanin fuses at about 116 ®0, be- 
coming a pasty substance for a few degrees and then a liquid of 
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a deep plum color and of the consistency of a rather thick syrup. 
The crystals when heated to about 80° C change color from a 
bright green to a golden brown. After fusing the cyanin 
rapidly evaporates and leaves a solid residue. 

To secure good prisms the heating of the cyanin must be done 
rapidly,. the prism formed, pressed, and cooled quickly and at 
the right temperature. If too cool, the fused mass can not be 
pressed into the required thinness ; and if too hot, a number of 
small pin holes will appear, due to the gas bubbles formed. The 
pressure applied is also a factor tjiat must be carefully adjusted 
if good residts are to follow. This becomes very important 
when thin prisms are desired. For work in the transparent 
parts of the spectrum, prisms of 10' to 20' angle can be used, 
but in and near the absorption band they must be exceedingly 
thin to let any light through. 

Cyanin being found to be the only dye from which wholly 
satisfactory prisms could be formed it was decided to limit the 
work to an examination of the dispersion of this single sub- 
stance. 

GFour distinct methods have been employed, namely : 

(a) Direct spectrometer readings in the visible spectrum, 
the slit of the instrument being illuminated with monochro-- 
matic light. 

(b) Photographic records of the deviation of a system of 
monochromatic rays from a Eowland concave grating illumin-. 
nated by an iron arc. 

(c) A qualitative method based on Newton's principle of 
-crossed prisms. 

(d) Photographic records of the displacement of the fringes 
in the Michelson interferometer produced by thin films of 
cyanin. 

(a) The visible part of the spectrum. The first method was 
employed by W'ood:^ A plan of the apparatus is shown in 
figure 3. Sunlight reflected from a heliostat (A) is concen- 

•Pha Mag. XLVI (1888), p. 880. 
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trated upon the slit of a large, direct vision spectroscope (C)^ 
the eye-piece of the latter being removed, and in its place i& 
fixed the slit of a Geneva Society Spectrometer (D), the eye- 




Fio. 8. 

piece of which is provided with a filar micrometer. The glass 
plate on which the cyanin prism (E) had been formed was cov- 
ered with black paper, in which two small apertures had been 
cut, one coming over the cyanin prism and the other slightly ta 
one side of it. The latter, or clear aperture, gave a direct image 
of the slit of the spectrometer ; the former, a deviated image, due 
to the bending of the rays by the prism. Both images being in 
the field of the telescope at once, the distance between them could 
be measured by the filar micrometer, and these readings when 
reduced to the circular scale, furnished the data from which the 
refractive indices were calculated. Any slight deviation due to- 
the possible prismatic form of the glass plate used was thus elim- 
inated. By turning a tangent screw, operating on the prism 
system of the direct vision spectroscope, the focused spectrum 
could be made to traverse the slit of the spectrometer, which was 
thereby illuminated with monochromatic light of any desired 
wave length. 

To determine the wave length of the light corresponding to 
any particular reading of the cyanin prism the following meth- 
ods were used. First, by opening the slit rather wide a consid- 
erable portion of the solar spectrum was allowed' to enter the 
instrument in which the Fraunhofer lines were distinctly visi- 
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ble. Some line of knoTvn wave length was chosen and by nar- 
rowing the slit the spectrum was gradually cut down until only 
light in the immediate vicinity of the line remained. In those 
parts of the spectrum where no conspicuous and easily recog- 
nized line existed a different method was employed. Kemov- 
ing the prism and placing a small mirror in its place, the light 
was thrown on a Brashear reflection grating spectrometer (See 
H, Fig. 3). This instrument had previously been graduated 
and the readings for the principal Fraunhofer lines been taken 
in its fixed position, and, hence, the wave length of any light 
used could be determined. 

The angles of the cyanin prisms were measured by the Geneva 
Society Spectrometer. The prism was placed with its refract- 
ing edge vertical and at the center of the circular table. Par- 
allel rays (a h. Fig. 4) coming from the collimator are reflected 
from the glass plate in the direction 6 d and from the surface of 




Fio. 4. 

the prism along h c. The angle e between the reflected rays is 
twice the angle of the prism.p For prisms of small angle both 
images of the slit were in the field of the telescope and the dis- 
tance between them was measured by a filar micrometer. These 
readings were then reduced to the circular scale. For larger 
angles the readings were taken on the circular scale direct. 

If A represents the angle of the prism and d the deviation, 
both in circular measure, the index of refraction is found by 
the usual formula : 

^ sin^(A+d) 

^ = sin}^ A (30). 
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The angles of the prisms being very small, we can replace the 
sides of the angles by their circular measures, thus : — 

/'^l+A (31). 

By this formula the indices given in Table VII were calculated. 

Plate 16 shows graphically the contents of Table VII. The 
abscissae are wave lengths in /a /* units, while the ordinates are 
indices of refraction. 

For three reasons the results are not so good in the absorption 
band as in the red and blue parts of the spectrum. These are: 

1st. To transpiit the yellow light the prisms must be very 
thin, and hence, of small angle. This increases the percentage 
error in measuring the angle of the prism as well as the devia- 
tion. 

2d. The image of the slit made by the deviated ray was not 
as sharply defined in the absorption band as in the transparent 
parts, a diffraction haze appearing aroimd the image due to the 
narrow portion of the prism through which the light could pass. 

3d. Any slight error in measuring the wave lengths would 
affect the result to a larger degree in this portion of the curve 
than in the other parts. 
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Tabmb VII. 

Prism No. 1. Angle 17' 8-.8. 



A 


M 


A 


/* 


X 


M 


A. 


M 


765.0 


1.920 


479.8 


1.387 


463.7 


1.434 


434.2 


1.524 


I7B9.0 


1.970 


479.2 


1.387 


461.0 


1.449 


429.5 


1.535 . 


735.0 


1.966 


475.6 


1.416 


456.8 


1.460 


427.0 


1.533 


* 703.5 


2.050 


475.8 


1.401 


451.8 


1.479 


419.1 


1.544 


688.7 


2.131 


472.7 


1.408 


444.2 


1.496 


410.8 


1.587 


685.6 


2.160 


470.0 


1.418 


438.0 


1.523 


406.5 


1.553 


486.7 


1.380 















Prism No. 2. Angle 4' 52'.8. 



X 


/* 


Y 


/* 


Y 


U 




668.0 
658.1 
524.8 


2.28 
2.34 
1.12 


518.8 
514.2 
504.8 


1.15 
1.15 
1.19 


601.8 
405.8 
489.6 


1.27 
1.28 
1.85 




Prism No. 3. Angle 23' 59-.7. 1 


Prism No. 4. Angle ri7-.2. 


A. 


/* 




X 


/^ 




732.0 
688.0 


2.027 
2.170 






668.6 


2.81 





Prism No. 5. Angle 24'.7. 



A. 


/* 


X 


/* 


X 


/^ 


X 


/* 


667.5 


2.26 


610.0 


2.14 


589.0 


1.65 


564.0 


1.80 


646.5 


2.35 


607.0 


2.06 


580.0 


1.59 


550.5 


1.22 


683.5 


2.30 


607.0 


1.93 


580.0 


1.57 


540.0 


1.12 


683.0 


2.35 


699.5 


1.86 


580.0 


1.50 


518.2 


1.14 


628.5 


2.38 


597.0 


1.79 


568.0 


1.45 


506.5 


1.22 


610.0 


2.10 
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Table VII — Continued. 
Prism No. U. Angle a2'.7. 



X 


>* 


A 


/* 


A 


^ 


X 


/« 


606.2 
809.2 


1.88 
1.81 


518.0 
486.5 


1.12 
1.86 


8610 
889.6 


1.27 

1.58 


581.0 
518.8 


1.18 
1.18 


PriwuNcia. Angle 5r.7. 


PriimNo.14. Angle 21' 8-.8. 


A 


fi 




X 


^ 




622.8 
889.9 


2.28 
1.67 






128.6 
728.6 
428.0 


2.014 
2.020 
1.507 







Prism No. 15. Angle2'10M. 



788.0 
688.0 
672.0 
657.0 



U 



2.01 
2.19 
2.28 
2.82 



655.5 

B02.0 
486.5 



2.82 
1.24 
1.87 



468.0 
451.0 
441.0 



1.40 
1.51 
1.60 



(b) Investigations in the Ultra Violet, — The dispersion hav- 
ing been measured visually with the spectrometer as far into 
the violet region as was possible, the photographic method em- 
ployed by Pfluger^ was adopted to extend the work into the 
ultra violet. The arrangement of the apparatus is seen in fig- 
ure 6 except that sunlight was used instead of the light from 
the iron arc. 

A solar spectrum thrown by a Rowland concave grating was 
received upon a photographic plate. Between the grating, E^ 
Pig. 6, and the plate, F, was placed an opaque screen, H, pro- 
vided with a rectangular aperture over which was fastened the 
glass plate supporting the cyanin prism. A strip of black pa- 

» Pflttger, Wled. Ann. LXV., p. 206. 
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per, furnished with two small apertures, was mounted over the 
plate, one aperture exposing the prism, the other, clear glass. 
Thus, the light arrived at the sensitive plate by two paths, one 
direct and the other deviated by passing through the cyanin 
prism. Therefore, two sets of the Fraunhofer lines were found 




----rq« 



Fio. 5. 



on the plate, of which two sample photographs are seen in plate 
19, figures 1 and 2. The upper set of lines was formed by 
rays coming through the prism and the lower set by the direct 
path. For making these photographs the angle of the prism was 
2' 51.5", the distance from the prism to the plate was 177.6 c. m., 
while the time of exposure for the direct ray was three minutes 
and for the other seven minutes. 

The distance between a given line in one set and the corres- 
ponding line in the other set was measured by a filar micrometer 
attached to the eye-piece of a microscope. Let X be this dis- 
tance in centimeters ; let d be the distance from the plate to the 
prism in centimeters, and let a be the angle of the prism 
in seconds of arc, then the index of refraction for the wave 
length used is given by the following formula: — 



X 360 



(32). 
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By this method the indices given in Table VIII, were calcu- 
lated. 

Table VIII. 



A 


^ 


A 


^ 


422.7 
410.0 
404.0 
886.0 


1.S30 
1.S95 

1.578 
l.e06 






880.0 
872.0 


1.00 
1.61 




* 



These values of /* are indicated on Plate 16 by crosses and 
the values obtained with the spectrometer by circles. 

To continue the work in the fall and winter, when cloudy 
weather made sunlight unavailable, an electric arc formed 
between an iron rod and a rapidly rotating iron disk, was sub- 
stituted for the sunlight. The bright lines in the iron spec- 
trum gave the same results as the Fraunhof er lines. With light 
of wave length shorter than 368 /* /*, passing through the 
cyanin prism, no effect could be produced on the sensitive plate 
although a five hours continuous exposure was made. To in- 
crease the intensity of light when passing through the cyanin, 
the prism was moved from H to D, eight centimeters behind the 
slit, C (Fig. 5). 

With this arrangement of the apparatus photographs were 
taken and the residts are shown in figures 3, 4, 5, and 6 of 
plate 19. Light coming by the direct path made the upper 
set of lines, while the part coming through the cyanin formed the 
lower set. In figure 3 the time of exposure for the upper sef 
was forty seconds, and for the lower, seventy seconds. For the 
longer waves the intensity of the two sets of lines in this pho- 
tograph is almost the same, but beyond 368 ft ft no lines appear 
in the lower set. The cyanin evidently absorbed the energy of 
wave lengths shorter than 368 ft ft. The presence of this ab- 
sorption band in the cyanin and the approach to the absorption 
band in the glass beginning at 335 /a /ui is seen in figure 4 of 
plate 19. The time of exposure in the photograph of the lat- 
ter, by the direct ray, was forty seconds, and through the cyanin 
five minutes. 
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To show the similarity between this effect and the action due 
to the absorption in the green, figures 5 and 6 of plate 19 were 
taken. In the former the time of exposure for the direct ray 
was forty-five seconds and for the cyanin five minutes. This 
gives approximately the same intensity for the lines of shorter 
wave length in the photograph, but for the longer wave no im- 
pression is seen in the lower band. Figure 6 is the same as 
figure & save the time of exposure, which in this case was forty 
seconds for both sets. By comparing the wave lengths with 
the absorption curve it is seen that the photographs of figures 
6 and 6 are at the edge of the absorption band in the yellow. 




Fio. 6. 



'(c) The Method of Crossed Prisms. — ^In Newton's method 
of crossed prisms we have a beautiful means of showing the phe- 
nomenon of anomalous dispersion, for by it we can bend a 
straight, continuous spectrum into a curve identical in every re- 
spect with the dispersion curve obtained by measurements with 
the spectrometer. The method was used by Kundt in the course 
of his investigations on anomalous dispersion. This method 
furnishes qualitative data only, but the fact that the curve of 
dispersion is directly photographed gives value to the results. 
The jgeneral arrangement of the apparatus is seen in figure 6. 
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The light of an arc lamp, A, was focused on the slit of the spec- 
trometer, C, and parallel rays coming from the collimator passed 
through a water prism, T, and falling on an achromatic lens, F, 
of long focus (a telescope lens of six feet focus) formed a 
sharply defined spectrum, V — ^R, on the photographic plate, H. 
In front of the objective, F, was placed a cyanin prism, E, with 
its refracting edge horizontal and turned down. This prism 
deviated all the rays upwards before they entered the lens, F, 
thus elevating the image on the photograph. Since the devia- 
tion is due to the fact that light is transmitted slower in cyanin 
than in air, and that the velocity of transmission is a function 
of the wave length, therefore, the elevation of light of any wave 
length will be proportional to ft — 1 where ft is the index of re- 
fraction for the given wave length. Consequently, if the spec- 
trum produced by the water prism is considered to be normal 
then the crossed prism spectra produced by the cyanin prism 
as described above, is a curve identical in every respect with 
the curve of dispersion calculated by the direct spectrometer 
method and shown graphically in the curve of plate 16. Ery- 
thro plates were used and the more intense action of the blue 
and violet was modified by the introduction of an Aurantia 
color screen or filter, D. In this way fully exposed photographs 
were obtained of the dispersion curve from the extreme red to 
the violet The results are seen in figures 1-6 of plate 20. For 
figure 1 the lower straight band was made by a direct exposure, 
while the curved strips above. are parts of the same spectrum 
after having passed through the cyanin prism. The angle of 
the prism was 17' 1.0", and the time of exposure, by the direct 
path, was twenty seconds, while through the cyanin it was one 
hour. iThe yellow part of the spectrum is absent, the prism 
absorbing all the energy of this wave length. For figures 2 and 
3, the same method of procedure was p)irsued, and these photo- 
graphs are inserted to show the effect of the Aurantia color 
screen, D. The angle of the cyanin prisin used for these photo- 
graphs was 17' 3.8". For figure 3 no screen was employed ; for 
figure 1 the light was passed through a screen of medium thick- 
ness, while for figure 2 a rather dense filter was used. The haze 
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appearing in figure 3, where no color screen was used, is entirely 
absent in figures 1 and 2, while the form of the curve is apparent 
in all. Cyanin has a very strong absorption band in the yellow, 
and to let any light through in this part of the spectrum very 
thin prisms must be used. In figure 4 of the same plate is seen 
a phot(^raph of a crossed prism spectrum when the cyanin 
prism was thin enough to let light of all wave lengths pass 
through. The refracting angle was only 24.7", so the deviation 
is small, but the continuity of the curve is evident. No expo- 
sure was made by the direct path to avoid overlapping of the two 
spectra. A photograph of a similar continuous_ crossed prism 
spectrum for a cyanin prism of 2' 51.6" refracting single, is 
seen in figure 6 of the same plate, in which the deviations are 
proportionally larger than in figure 4, and the form of the curve 
can easily be followed through the absorption band. In figure 
6 the results are seen of four successive exposures through a 
cyanin prism of 28'30" refracting angle. The great disper- 
sive power of the dye is apparent and although the yellow is ab- 
sent the rest of the curve agrees very well with the dispersion 
calculated by direct spectrometer readings. The haze in the 
green is due to diffraction ; the angle of the prism was so large 
that only a very narrow edge was transparent to the green and 
this produced the ordinary narrow aperture effect 

(d) The Interferometer Method. — The previous work has for 
its basis the deviation of a beam of light by a cyanin prism. 
The index of refraction can also be found by measuring the re- 
tardation produced by a thin film. To make uniform films of 
cyanin the crystals were dissolved in absolute alcohol and the 
resulting solution filtered. This solution was then kept in an 
air-bath at a temperature between 35° and 40^ 0. Pieces of 
plate glass, after being carefully cleaned and heated to the same 
temperature, were dipped into the solution, and placed on edge 
to dry in the air-bath. The thickness of the film depends on 
the concentration of the solution, and as the alcohol evaporates 
rapidly in the air-bath, films of continually increasing thick- 
ness are obtained by dipping in fresh plates from time to time. 
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To secure good films it is important to use "absolute^' alcohol 
and to keep .the temperature inside the given limits throughout 
the operation. The retardation produced by the film was meas- 
ured with a Michelson interferometer (F of figure 7), photo- 
graphs being made of the displaced fringes. The interfer- 
ometer was illuminated with monochromatic light obtained from 
the direct vision spectroscope, C, as described in the first part 
of this paper. From one-half of one of the coated glass plates 
the cyanin film was carefully removed, the remainder of the filhn 
having a straight edge down the center of the plate. This plate^ 
H, was placed between the movable mirror, M, of the interfer- 
ometer and the half silvered plate, P, with the straight edge of 
the cyanin film vertical, the instrument having been previously 
adjusted for horizontal fringes. A plate of clear glass, K, of 
thickness equal to that of the coated plate was placed in front of 
the other mirror, L^ of the interferometer as a compensator. 



t=a=j' 




Fig. 7. 

The fringes formed by the interference of rays coming through 
the cyanin were displaced relatively to those formed by rays 
coming through the clear portion of the plate. In order to fa- 
cilitate the determination of the displacement the, fringes were 
photographed by means of a camera at Q. The camera was so 
arranged that by moving the back portion slightly, successive ex- 
posures could be made on the same plate, showing the relative 
displacements of the fringes for aU values of fi from the ex- 
treme red to the ultra violet 

Since the retardation is a function of the wave length, the dis- 
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placement between the two sets of fringes varies when the wave 
length of the light used is changed. The light passing through 
the slit, D, was changed systematically for the successive ex- 
posures, so that in the series of photographs shown on plates 21 
and 22 a complete record of the retardation throughout the spec- 
trum is secured. 

•The film (No. I), used in preparing the series shown in fig- 
ure 1 of plate 21, was very thin (about .00012 mm.) and per- 
fectly transparent throughout the absorption band. The white 
mark on the sides of the fringe systems was made later to show 
which pair of fringes belong together. The number given be- 
low each exposure is the wave length in ft /* units of the light 
used in each case. 

•The series given in figure 2 of plate 21 shows the retardation 
produced by a somewhat thicker film (about .00017 mm.) not 
quite as transparent in the region of the absorption band as the 
first. The third film (No. Ill), used in the preparation of 
the first figure of plate 22, was much thicker (about .00071 
mm.) and quite opaque for yellow or yellowish green light. 
Consequently, no fringes were formed in this part of the spec- 
trum by the light passing through the cyanin film. 

To continue further into the ultra-violet a Rowland grating 
was substituted for the spectroscope. Using film No. II, a new 
series was taken on the blue, violet, and ultra-violet, the results 
being shown in the second figure of plate 22. Kepeating tha 
same series and using film No. Ill, the photograph shown in 
figure 3 of the same plate was obtained. 

In these photographs it is to be noticed that beyond 
A== 345.6 no fringes appear. This is due to the absorption 
of shorter waves by the glass. Further, below X = 374.2, the 
intensity of the fringes in both halves of each exposure is prac- 
tically the same, showing that the cyanin film in this part of the 
spectrum was perfectly transparent Between these lines, 
X = 374.2 and X = 346.6 that part of the light which had the 
cyanin film in its path is much fainter for the larger waves and 
disappears altogether before reaching the absorption band in 
the glass. This corroborates previous observation and proves 
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conclusively that cyanin has an absorption band in the ultra- 
violet. 

To calculate the refractive index from the photographs shown 
on plates 21-22, it is necessary to know which pair of lines be- 
long together. With monochromatic light it is impossible to 
tell whether the displacement is half a fringe or one and a half, 
or any number of whole fringes more, but if vhite light is em- 
ployed and both paths are of equal length there appears a cen- 
tral dark fringe, bordered by about a dozen colored fringes sim- 
ilarly placed with reference to the central dark frinsre. This 
dark fringe is the only one in the whole system that can be iden- 
tified. Substituting white light in front of slit, D, and having 
film No. Ij on the path of the interferometer, a photograph was 
taken. The result is shown in a in figure 7 of plate 20. When 
looking at the fringes direct it was plain that the fringes marked 
on the photograph belonged together. Using film No. II, a pho- 
tograph seen in &, figure 7 (plate 20) was taken. The photo- 
graph does not show very plainly which pair of lines go to- 
gether, but by looking at the fringes directly with the colors 
present those marked in the figure. were easily determined to 
be part of the same fringe. The third exposure c in the same 
figure was taken with film No. Ill in the interferometer. The 
strong absorption of this film made the resulting figure hard to 
distinguish so that even when the colors were seen directly, it 
was difficult to tell which was the central dark fringe in the 
part passing through the cyanin. Several observers, however, 
independently judged the pair marked in the figure to be cor- 
rect. 

The index of refraction can be found by thip usual formula 
for thin films: — 

^ = ^+■2^ (33). 

where. fi is the index for wave length X, n, the number of 
fringes by which the central fringe is displaced, and e, the thick- 
ness of the film. The measurement of e is difficult and the per- 
<5entage error is large when a film is very thin, as is the case in 
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these experiments. Therefore, it is desirable to secure a ratio 
between the indices for the different Wave lengths and find the 
index for some one wave length by another method. 

Let n equal index of refraction for A. 

Let fJix e<iual index of refraction for A^. 

Let n equal displacement of fringes for wave length A in terms of that 
same wave length. 

Let n^ equal displacement of fringes for wave length A^ in terms of that 
.same wave length. 

Then: n A^ : n A^ :: u — 1: /^. — 1. 

Solving for yUj : 

>*i = l + ^EH (34). 

This method is advantageous when the indices for portions of 
the spectrima, as in the absorption band for cyanin, are diflScult 
to measure by other methods. The displacements n on the 
photographs were measured by means of a filar micrometer at- 
tached to an eye-piece magnifying about twenty diameters. 

Column a in Tables IX-XII gives the width of a fringe, 
for the given wave length, on the photograph in terms of divi- 
sions on the micrometer screw. The width of the displacement 
in the same units is given in column b. Hence a equals n, 
the displacement in terms of fringes of the wave length used. 



Digitized by VjOOQIC 



284 



BULLETIN OF THE UNIYERSITT OF WI800N8IN. 



Table IX. 



X 


a 


b 


n 


nA 


M 


70B.B 


166.0 


82.0 


.484 


819 


2.02 


009.5 


160.8 


100.4 


.624 


418 


2.21 


0M.9 


154.8 


108.2 


.670 


488 


8.28 


610.1 


152.7 


107.8 


.706 


452 


2.81 


625.8 


151.7 


104.8 


.600 


480 


2.2& 


613.2 


179.0 


84.7 


.576 


858 


2.08 


609.8 


145.6 


74.0 


.506 


806 


1.88 


589.6 


144.0 


60.8 


.412 


248 


1.71 


579.0 


141.4 


52.0 


.868 


218 


1.62 


669.5 


187.4 


42.8 


.807 


175 


1.51 


560.7 


186.0 


28.0 


.206 


115 


1.83' 


552.4 


188.0 


24.8 


.186 


108 


1.30 


586.9 


129.8 


12.6 


.007 


058 


1.15 


528.8 


127.1 


16.0 


.125 


066 


I.IO* 


511.0 


124.6 


20.0 


.164 


068 


1.2& 


500.0 


122.6 


28.6 


.288 


117 


1.84 


480.5 


119.5 


88.5 


.280 


187 


1.89^ 


480.9 


117.4 


84.2 


.291 


141 


1.41 


478.6 


116.6 


87.6 


.826 


154 


1.45 


406.1 


118.9 


80.8 


.848 


168 


lA'h 


400.6 


118.2 


40.2 


.855 


166 


1.48 


468.0 


111.5 


42.6 


.881 


178 


1.50 


446.0 


110.1 


44.0 


.800 


178 


1.62 


488.0 


107.8 


48.0 


.447 


104 


1.56 


422.9 


108.0 


51.0 


.406 


200 


1.59 


414.8 


101.6 


61.8 


.501 


211 


1.61 


409.1 


100.4 


52.0 


.518 


212 


l.OB 


899.8 


97.9 


52.2 


.688 


218 


1.62 


894.5 


96.0 


62.4 


.686 


218 


1.62 


808.1 


07.7 


54.0 


.551 


216 


1.68 
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Table X. 



A. 


a 


b 


n 


nX 


M 


482.5 


129.9 


86.6 


.281 


142 


1.89 


401.8 


U9.9 


48.8 


.« 


142 


1.52 


486.S 


U0.5 


4«.2 


.445 • 


194 


1.54 


407.8 


106.5 


60.2 


.566 


280 


1.62 


3800 


101.8 


63.2 


.620 


285 


1.65 


^4.2 


99.8 


67.8 


.701 


262 


1.70 


888.5 


97.5 


70.0 


.718 


264 


1..8 


864.8 


96.9 


71.0 


.732 


267 


1.74 


862.7 


96.1 


72.1 


.750 


271 


1.75 


867.5 


92.6 


78.0 


.770 


275 


1.76 



The two photographs used for tables IX and! X were taken 
with the same cyanin film in one path of the interferometer. 
The relation between /x and X as given in tables IX and X is 
shown graphically in the curve of plate 17 by the full line, while 
the dispersion curve obtained by direct spectrometer readings is 
indicated by the broken line. These curves, obtained by en- 
tirely independent methods, agree very well, and the difference 
is probably due to a change in the properties of the substance 
in the two conditions, for the cyanin was fused in the one case 
and deposited from an alcoholic solution in the other. It is im- 
portant to note the rapid rise in the curve when the absorption 
band in the ultra violet is approached, as it shows a similarity 
to the increase in tiie refractive index as the absorption band 
fn the yellow is approached from the red end of the spectrum. ^ 

The results from measurements made on the photograph 
shown in figure 1 of plate 22 are given in table XL 
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Table XI. 






X 


a 


b 


n 


nX 


/* 


709.5 


196.0 


442.0 


2.26 


159 


2.11 


ett.s 


182.8 


489.2 


2.68 


179 


2.25 


664.9 


177.1 


517.4 


2.92 


191 


2.34 


640.1 


178.4 


588.0 


8.10 


198 


2.38 


528.8 


148.7 


82.8 


0.576 


801 


1.21 


511.0 


138.0 


114.0 


0.826 


422 


1.29 


SOO.O 


185.6 


186.8 


0.996 


498 


1.85 


490.5 


184.6 


1516 


1.125 


558 


1.88 


480.9 


129.6 


160.6 


1.289 


696 


1.42 


478.6 


125.0 


161.4 


1.290 


611 


1.4a 


466.1 


124.6 


169.8 


1.857 


682 


1.44 


460.2 


124.4 


178.0 


1.424 


665 


1.4ft 


458.0 


125.2 


1854 


1.480 


671 


1.47 


445.0 


126.0 


168.0 


1.480 


664 


1.47 


448.0 


128.8 


194.0 


1.570 


697 


1.49 


422.9 


116.4 


197.0 


1.687 


718 


l.M> 


444.8 


114.0 


201.0 


1 760 


781 


1.51 


409.1 


110.0 


204.0 


1.980 


770 


1.54 


8948 


106.0 


207.4 


1.970 


778 


1.55 


892.1 


104.9 


218.2 


2.030 


795 


1.56 



For figure 2 of plate 22 the readings and calculated results 
are given , in table XII. 

Table XII. 



X 


a 


b 


n 


nX 


H 


492.5 


144.7 


197.8 


1.86 


672 


1.40 


464.8 


182.8 


224.6 


1.69 


789 


1.47 


486.5 


119.2 


241.6 


2.02 


882 


1.68 


407.8 


118.6 


245.2 


2.16 


880. 


* 1.58 


8800 


111.6 


254.2 


2.2S 


865. 


1.82 


874.2 


109.9 


267.6 


2.29 


867. 


1.52 


868.6 


107.4 


262.0 


2.44 


899. 


1.64 


864.6 


106.5 


266.0 


2.62 


928. 


1.65 


862.7 


104.2 


269.9 


2.69 


940. 


1.66 
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The two photographs used for tables XI and XII were taken 
^ when cyanin film No. Ill was in one path of the interferometer. 

^ The relation between fi and X, as given by tables XI and 

ill XII, is shown graphically by the line in plate 18, while the 

li broken line represents the results obtained by direct spectrometer 

u readings. The fringes in figure 1 of plate 22 are not quite 

Ji parallel, and hence the errors in measuring a and b are 

la larger, therefore the results for this film are not as good as for 

i» fihn No. II. 

'^ Conclusion, — It was originally intended to attempt a more 

rigorous proof of the Ketteler-Helmholtz dispersion formula, 
by using more accurately determineci values of the refractive 
indices of cyanin for waves of various lengths. Pfliiger's work 
while confirming the formula for the visible part of the spec- 
trum, showed discrepancies in the ultra violet and extreme red. 
He suggests that these discrepancies, at least in the ultra violet, 
jj may be caused by the presence of an ultra violet obsorption band. 

ij This band has unquestionably been found, but until its charao- 

IB teristics have been more thoroughly determined (a matter re- 

is quiring a large amount of further experimental work) any at- 

1.8 tempt to apply the new values to the formula would be useless. 

^» The most important results which have been obtained by this 

^ work may be summarized as follows: 

d^ 

1st. A fairly accurate determination of the dispersion curve 
for cyanin from the extreme red well into the ultra violet. 
^ 2d. The conclusive evidence furnished by the photographs 

taken with the interferometer, of the continuity of the curve 
"^ through the absorption band of cyanin. 

ij 3d. The discovery of a new absorption band in the ultra vio- 

j let spectrum of cyanin, the character of which will have to be 

, accurately determined before any conclusive proof of the Ket- 

j teler-Helmholtz dispersion theory can be furnished by measure- 

ments upon this substance. 

This work was undertaken two years ago, at the suggestion 
of Professor E. W. Wood, and is a continuation of a series of 
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experiments made by him in the previous year. The experi- 
ments have been performed under his direction, and I take this 
opportunity to acknowledge indebtedness to him for many ideas 
and suggestions and for much assistance. 
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